For dental implants, it is vital that an initial soft tissue seal is achieved as this helps to stabilize and preserve the peri-implant tissues during the restorative stages following placement. The study of the implant -soft tissue interface is usually undertaken in animal models. We have developed an in vitro three-dimensional tissue-engineered oral mucosal model (3D OMM), which lends itself to the study of the implant -soft tissue interface as it has been shown that cells from the three-dimensional OMM attach onto titanium (Ti) surfaces forming a biological seal (BS). This study compares the quality of the BS achieved using the threedimensional OMM for four types of Ti surfaces: polished, machined, sandblasted and anodized (TiUnite). The BS was evaluated quantitatively by permeability and cell attachment tests. Tritiated water (HTO) was used as the tracing agent for the permeability test. At the end of the permeability test, the Ti discs were removed from the three-dimensional OMM and an Alamar Blue assay was used for the measurement of residual cells attached to the Ti discs. The penetration of the HTO through the BS for the four types of Ti surfaces was not significantly different, and there was no significant difference in the viability of residual cells that attached to the Ti surfaces. The BS of the tissue-engineered oral mucosa around the four types of Ti surface topographies was not significantly different.
INTRODUCTION
The soft tissue providing the biological seal (BS) around implants has a number of features in common with the soft tissue attached to teeth [1, 2] . The clinical importance of the BS around the implant has been identified as a dominant factor to determine the longterm success of peri-implant health [3, 4] . However, it has been suggested that the quality of the BS of peri-implant tissue is weaker than that of the junctional epithelium on the natural teeth [1, 5, 6] . This could be due to the attachment of the non-keratinized periimplant epithelium (PIE) onto the implant surface via the internal basal lamina, hemidesmosomes [5, 7] being limited to the apical region of the PIE [5] . In addition, the orientation of the peri-implant connective tissue collagen fibres, which are mainly in a circular or oblique direction to the implant surface [8, 9] , forms a weaker barrier compared with the Sharphey's fibres that attach perpendicular to the tooth surface [10] .
The description of the quality of the BS of the peri-implant mucosa (PIM) has been based on histomorphometric features observed in animal models [1, 2, 5, 6, 8, 9] . For example, an animal study by Ikeda [6] evaluated qualitatively the BS around implants by tracing the penetration of horseradish peroxidase through the peri-implant tissue interface using light and transmission electron microscopy [6] . However, the literature relating to quantification of the BS of the PIM is very limited.
In contrast, when using an in vitro cell culture model, more quantitative information can be extracted, such as cell proliferation [11] , cell activity [12, 13] and cell adhesive strength [3, 13] . However, the cell culture models used currently are primarily based on twodimensional monolayer cell culture systems, which are known to have several limitations such as a lack of polarized cell phenotype and cell -cell contacts, as well as poor cell differentiation [14, 15] .
We have developed and optimized an in vitro threedimensional oral mucosal model (3D OMM) for biological evaluation of dental materials and oral healthcare products [16] [17] [18] and more recently have modified it into a transmucosal implant model for the investigation of the implant -soft tissue interface [7, 19] . The threedimensional transmucosal model is a tissue-engineered oral mucosa equivalent (OME) consisting of both epithelium and connective tissue layers. This OME is able to form a peri-implant-like epithelium attached to titanium (Ti) surfaces similar to the peri-implant epithelium structure seen in animal models. To our knowledge, the BS of the soft tissue around implant surfaces with variable roughnesses has not been investigated using permeability and attachment tests in a three-dimensional in vitro model. Hence, the aim of this study was to evaluate quantitatively the effectiveness of the BS for four types of Ti surface topographies using an in vitro three-dimensional OMM.
MATERIAL AND METHODS

Construction of the three-dimensional oral mucosal model
Ethical approval was obtained from the Institutional Review Board to carry out this study. An acellular cadaveric dermis (Alloderm, LifeCell Corporation, Branchburg, USA) was used as a scaffold and was placed in a 12-mm diameter insert (BIOCOAT Cell Environments, Becton Dickinson Labware, Bedford, UK). The three-dimensional OMM was constructed by co-culturing both oral keratinocyte cell line (TR146 from Cancer Research UK) and human gingival fibroblasts (HF) ( passage 2 -4) at a density of 0.5 Â 10 6 ml 21 each onto the basement membrane side of the acellular scaffold. The model was cultured in complete Dulbecco's modified Eagle's medium (DMEM) containing 50 U ml 21 penicillin, 50 U ml 21 streptomycin, 625 ng ml 21 fungizone (Sigma-Aldrich, Dorset, UK) and 10 per cent foetal calf serum (Biowest, East Sussex, UK). The model was incubated in an atmosphere of 95 per cent air/5 per cent carbon dioxide (Galaxy R, Scientific Laboratory Supplies Ltd, East Riding, Yorkshire, UK) at 378C. On the 4th day of the culture, a 4-mm disposable tissue biopsy punch (Stiefel Laboratories Ltd, UK) was used to make a hole in the middle of the model. A 5-mm diameter Â 2.5-mm height Ti disc was then inserted into the hole. The OME was clamped between the two components of the insert to form a seal at the periphery of the OME. This model was further cultured in a submerged condition with complete DMEM for another 6 days. It was left at an almost air -liquid interface in the last 2 -3 days of the culture period.
Ti disc preparation
Four types of Ti surface topographies were tested: polished, machined, sandblasted and anodized surfaces. The polished, machined and sandblasted Ti surfaces were prepared in-house from a grade IV 5-mm diameter Ti rod (a gift from Nobel Biocare), while the anodized (TiUnite) surface discs were provided by Nobel Biocare. The Ti rods were polished with silicon carbide papers (Struers, Gothenburg, Sweden) in the following sequence before being cut into a disc: -polished Ti rod: P240-P400 -P600 -P800 -P1200-diamond paste of 6 mm and 1 mm particle size on polishing cloths; -machined Ti rod: P240 -P400 -P800; -sandblasted Ti rod: P240 -P400 -P800-sandblasted in a grit blasting machine (Renfert, Vario Jet) using 70 mm aluminium oxide (alumina) powder; and -anodized (TiUnite) discs were prepared by the manufacturer (Nobel Biocare Holding AG, Zü richFlughafen, Switzerland).
The surface topography of the four types of Ti surfaces was evaluated by a scanning electron microscope (SEM) (Leo Ultra 55 FEG, Leo Electron Microscopy Ltd, Cambridge, UK). The Ti surface roughness parameters were obtained with a light interferometer (Wyko NT1100, Veeco Instruments Inc., Tucson, USA). The surface roughness was measured as Sa values (the average of height in micrometres deviated from the mean plane) [20] and Sdr values (known as the developed surface area ratio, representing the ratio as a percentage between the real surface area measured and a hypothetical entirely flat area) [20] .
Permeability test
The permeability test was carried out at the end of the 10-day culture period. Figure 1 summarizes the test groups (n ¼ 6).
Groups with cells:
-OME with a polished Ti disc (P); -OME with a machined Ti disc (M); -OME with a sandblasted Ti disc (S); -OME with an anodized (TiUnite) Ti disc (T); -acellular dermis with cells (AC); and -pig oral mucosa (control).
Groups without cells:
-acellular dermis without cells (A); and -acellular dermis without cells but with a Ti disc (ANT)-this group was set up in the same way as test group (ii), i.e. a Ti disc (machined surface) was inserted into the model on the 4th day and further cultured for another 6 days.
Except for the control group, all the groups were cultured for 10 days prior to the permeability experiment. The pig's oral mucosa was biopsied from the lingual alveolar mucosa on the experimental day. A thin layer of cyanoacrylate adhesive was applied at the periphery of the pig's mucosa to form a peripheral seal in the insert. Radioactive HTO (Water, [ 3 H] PerkinElmer Health Sciences Inc., Boston, MA, USA) was used as a tracing agent to evaluate the permeability of the model. The permeability test was performed at room temperature Implant -soft tissue interface W. L. Chai et al. 3529 on the inserts, which were placed in a six-well plate. The medium in the insert was removed and then transferred to a new six-well plate containing 3 ml of new complete DMEM in each well. Then, an aliquot of 150 ml of 2 mCi ml 21 HTO was inoculated into each insert. A 200 ml sample of HTO that had penetrated through the models into the well below was obtained at 30 min, 1, 1.5, 2 and 3 h. Immediately after each sampling, an aliquot of 200 ml complete DMEM was added in order to maintain the level of medium in the well (figure 2). The samples were mixed with 2.5 ml scintillation cocktail (Emulsifier Safe, Packard Instrument Company, Meriden, CT, USA) and the radioactivity of the samples was counted using a liquid scintillation counter (Scintillation system LS6500, Beckman Counter Inc., Analytical Instrument Systems Development Center, Fullerton, CA, USA).
The raw data obtained from the scintillation counter were the amount of the radioactivity of HTO in counts per minute that has penetrated through the OME model. These data were obtained at five exposure times, and labelled as r 1 -r 5 (table 1). As some radioactivity was removed during each sampling at each time interval, this was compensated for by adding the removed radioactivity to the corresponding raw data at each time point and labelled as a 1 -a 5 . Thus, a 1 has the same value as r 1 , which is the first sample obtained, while a 2 has the total radioactivity collected at 1 h exposure time by adding the r1 (30 min) with r 2 (60 min), providing the accumulated count (table 1). The percentage of the HTO that had penetrated through the model was also calculated and labelled as Pa 1 -Pa 5 (table 1) . Based on Fick's first law of diffusion, steady-state flux (Jss) [21] was calculated using the following formula.
where Q is the radioactivity of HTO penetrating through the model (counts per minute, cpm), A is area of exposed tissue (cm . The mean differences of the permeability (Jss) for the eight test groups at five exposure times were analysed using analysis of variance (ANOVA), Tukey's post hoc test at p-value less than 0.05.
Attachment test
At the end of the permeability tests, the models were washed three times with PBS to remove the radioactive HTO. Subsequently, the Ti discs were gently pulled out from the OME and incubated in 10 per cent Alamar Blue (Biosource, Camarilo, CA, USA) in a 24-well plate. The Alamar Blue assay measured the viability of residual cells that remained attached to the Ti discs. The fluorescence intensity was measured at 530 nm excitation wavelength and 590 nm emission wavelength using a microplate reader (Infinite 200, Tecan Group Ltd, Switzerland).
In order to confirm the presence of cells that were still attached to the Ti discs, the Ti discs were processed for SEM examination. After the Alamar Blue assay, the discs were fixed in 2.5 per cent glutaraldehyde for 2 days, post-fixed in 1 per cent O S O 4 for 2 h and then dehydrated in a series of ascending ethanol concentrations and critical-point dried. Finally, the discs were sputter coated with gold before being examined under the SEM.
After the removal of the Ti discs, the OMEs were processed for histological examination to confirm the presence of the epithelium layer. The correlation between the Alamar Blue assay in the attachment test and the Jss values in the permeability test was analysed using the bivariate Pearson correlation test.
Monolayer cell culture test
In order to determine the affinity of cells attached to different surface topographies, a monolayer cell culture model was set up. A mixture of TR146 and HF at 0.025 Â 10 6 ml 21 density each was first co-cultured in a 24-well plate. The cells were incubated in complete DMEM at 378C. After they became confluent (fourth day), four types of Ti discs (six samples each) were placed onto the confluent 24-well plate and cultured for 2 days. As before, the four types of Ti discs tested had a polished, machined, sandblasted or anodized surface. After 2-day of culture, the viability of the cells that had attached to the Ti surfaces was analysed using Alamar Blue assay. Figure 3 shows a histological section of the OME. In all the samples used in the permeability test, the OME consisted of a 50-100 mm thick, well-formed, stratified squamous epithelium of four to six layers of epithelial cells (figure 3b). This confirmed that an intact oral epithelium was formed in the OME. However, at the interface area, the peri-implant-like epithelium was disturbed due to the removal of the Ti disc from the OME (figure 3a). Also, it was found that at the clamped site of the OME, the epithelial layer was not intact (figure 3a).
RESULTS
Histological features of the oral mucosal equivalents
Characterization of titanium discs
The images of the surface topography for the four types of Ti discs, i.e. polished, machined, sandblasted and Table 1 . A summary of the data calculation. r 1 -r 5 ¼ raw data, a 1 -a 5 ¼ added raw data values, Pa 1 -Pa 5 ¼ percentage of leaking, at 30, 60, 90, 120 and 180 min, respectively. Co, the original radioactivity of 150 ml HTO in the insert; Jx, the steadystate flux value for Ti (P, M, S, T) and ANT groups, in which the surface area of the Ti disc was deducted from the total surface area of the oral mucosa equivalent; t, time of exposure.
data presentation (unit) data calculation for five exposure times raw data, r (cpm) r 1 ¼ radioactivity count at 30 min r 2 ¼ radioactivity count at 60 min r 3 ¼ radioactivity count at 90 min r 4 ¼ radioactivity count at 120 min r 5 ¼ radioactivity count at 180 min added raw data, a (cpm) Table 2 shows the mean percentages of the permeability at five exposure times for the test groups. It was found at the end of the experiment (Pa 5 ) that less than 20 per cent of the HTO had actually penetrated through the experimental models. The control group (pig oral mucosa) showed the lowest penetration of HTO throughout the five exposure times ( p , 0.05), in which only 0.25 per cent of HTO having penetrated through the mucosa at the beginning (Pa 1 ) and less than 5 per cent towards the end of exposure time (Pa 5 ). In contrast, the ANT group showed the highest percentage of permeability ( p , 0.05) throughout the 2 h exposure time (i.e. Pa 1 -Pa 4 ), ranging from 2 to 12 per cent. In the other groups, the percentage of HTO that penetrated through the models was approximately 1-2% initially and 16 per cent at the end of the experiment. Figure 6 shows that the steady-state flux of all the test groups increased with time but decreased after 2 h. The control ( pig oral mucosa) and the ANT groups had the lowest and highest steady-state flux, respectively, throughout the five exposure times and these differences were significant ( p , 0.05). Figure 7 compares the means of the steady-state flux (Jss) of the eight groups at a 2 h exposure time and there was no significant difference between the four types of Ti surfaces. However, the Ti groups did have a significantly lower permeability than the ANT group ( positive control group) and a higher permeability than the pig oral mucosa group (negative control group) ( p , 0.05). Interestingly, no significant difference was observed between the Ti groups (P, M, S, T) and the OME (AC), which had an intact epithelium without a punch hole. This may indicate that the seal at the Ti -OME interface is as good as the OME (AC) itself. This finding suggests that without the presence of an epithelium attachment on the Ti surfaces as in the ANT group, the HTO penetrated easily through the gap at the interface. In contrast, when epithelium attachment is present, as on the Ti surfaces, this forms a barrier to the penetration of the HTO.
Permeability and attachment tests
The results of the Alamar Blue assay are presented in figure 8 , indicating the viability of cells that remained attached on the Ti surfaces after removal from the OME. There was no significant difference between the cells remaining attached for the four types of Ti surface topographies. It was also found that the permeability of HTO for the five exposure times did not correlate ( p . 0.05) with the Alamar Blue assay (attachment test).
Scanning electron microscopy
SEM examination of the Ti discs confirmed that there were cells attached to the Ti surfaces. The cells can be seen to have spread out to form a cell network on all the Ti surfaces ( figure 9 ). This indicates that the cells of the OME formed an attachment to the Ti surfaces regardless of the surface roughness. It was also noted that the attached cells followed the shape of the underlying surface topography. For example, the cells appeared to be flat and spread out on the polished and machined surfaces, but were more irregular in shape on the sandblasted surface. It was somewhat difficult to identify the cells in the sandblasted group because of the irregular background of the surface topography ( figure 9 ). On the anodized (TiUnite) surface, the cells grew over the 'volcanoes'. A single cell, measuring approximately 20-30 mm, covered on an average of 8-10 'volcanoes'.
Interestingly, the cells attached to the Ti surfaces were found not only at the interface but also in the area above the interface. It can be seen that the cells above the interface area appear more flattened in shape and were mainly monolayer cells (figure 10b) compared with the cell at the interface area (figure 10a). Figure 11 presents the data on the viability of cells (TR146 and HF) that had migrated from the bottom of the confluent well to the Ti surfaces and had then proliferated on the surfaces. The polished Ti surface has the highest viability of attached cells and was significantly higher than the anodized surface ( p , 0.05).
Monolayer cell culture test
DISCUSSION
To date, most investigations of the BS at the implantsoft tissue interface have been based on qualitative analyses (i.e. histomorphometric analysis) of the BS but not on any quantitative analysis. In this study, an in vitro three-dimensional OMM was used for quantitative analysis of the BS of the Ti -OME interface. Permeability tests have been used in studies such as the investigation of the barrier properties of different tissues for drug delivery routes [21, 22] . To our knowledge, this is the first time a permeability test has been used to evaluate the BS of different Ti surface topographies using a three-dimensional OMM. The four types of Ti surfaces used in this study have a range of surface roughnesses from smooth to moderate. Since the in vitro three-dimensional OMM was constructed using a standard protocol, this model has the benefit that it has less variability when compared with animal models. With the availability of an in vitro three-dimensional OMM, which more closely mimics the in vivo situation when compared with the in vitro monolayer cell culture model, it is hoped that the use of three-dimensional OMM will help to reduce the usage of animal models for quantitative analysis of the BS. Permeability tests are usually performed in a perfusion chamber, which consists of two compartments such as the donor and the receiver compartment [21] [22] [23] . The test substance, such as radioactive tritiated water, is inoculated in the donor compartment and then the HTO penetrates through the model, which is then collected in the receiver compartment. The samples are normally positioned vertically in the perfusion chamber [22, 23] . This is not suitable in our study, as the weight of the Ti disc could damage the interface if it were placed vertically. Some studies have reported performing the permeability test directly on the insert of the cell culture plate, as used in the present study, in which the sample was placed horizontally on the insert without disturbing the interface [24, 25] .
In order to achieve a peripheral seal, all the samples were clamped between the two compartments of an insert, a method used in other studies [21] [22] [23] . The use of adhesive to form the peripheral seal has been reported in another study on biopsied tissues [23] . Implant -soft tissue interface W. L. Chai et al. 3535 Although extra precautions were taken during the clamping of the two components of the inserts, it is possible that the penetration of HTO through the periphery of the inserts could not be completely eliminated. Therefore, any penetration of HTO in the study model may not only have been through the interface between the OME and Ti, but also through the periphery of the inserts. The steady-state flux (Jss) measured the amount of HTO radioactivity that had diffused through a standard surface area of the study model at different time points. The surface area of those groups, containing Ti discs (P, M, S, T, ANT), was taken into consideration by deducting the surface area of the Ti discs from the exposed surface area, as the Ti disc was an impermeable surface.
At the beginning of the exposure to HTO (J1), the penetration of HTO in all the groups was rather fast compared with the rate after 30 min of exposure but decreased after 2 h (J 4 ) of exposure ( figure 6 ). This could be due to the medium between the inserts and the wells trying to reach an equilibrium at the start of the experiment. However, towards the end of exposure, the medium from the wells had diluted the concentration of the HTO in the inserts, which resulted in the decrease in the penetration rate. Hence, the data between the 60 and 120 min exposures are considered to be more representative of the permeability process in the test groups.
All the OMEs used in this experiment contained an epithelium layer (figure 3). The acellular dermis with cells (AC) had a lower permeability than the acellular dermis without cells (A), but this only became significantly different after the 1 h of exposure (data not shown). In the AC group, the cells cultured on the scaffold had some barrier effect on the OME but not to the extent of completely preventing the permeation of the HTO. This incomplete barrier property of the OME is also found in the normal oral mucosa, where it has been suggested as an alternative route for drug delivery due to this permeability property [22] .
The permeability of the Ti test groups and the AC group was not significantly different. In the Ti groups, there were holes punched in the OMEs before the placement of the Ti discs. After incorporating the Ti discs, the models were further cultured for another 6 days, when the OME cells grew around the Ti surfaces forming the BS. This finding suggests that the seal around the four types of Ti surfaces was rather good, the data being comparable to the AC group which had an intact epithelium layer. The quality of the BS around the Ti discs is further supported when the permeability data are compared with the ANT group, which did not contain any epithelium layer on the scaffold and thus no cell-mediated seal around the Ti surface, consequently showing a statistically higher permeability than the Ti groups ( figure 7) . In comparing the quality of BS of the four types of Ti surface topographies based on the permeability of HTO, no significant differences were observed.
In the attachment test, the Ti discs were removed as carefully as possible by holding the Ti discs with a pair of tweezers, so as not to disturb the cells at the interface. The cells that were still attached to the Ti discs at the interface were quantified in Alamar Blue assay. The results of the attachment test show that there was no significant difference in the number of cells attached at the interface for the four types of Ti surface topographies (figure 8). These findings suggest that the surface topography of the Ti surfaces did not influence soft tissue attachment and consequently had no influence on the BS.
The SEM findings provide supporting evidence that the OME formed an attachment onto all the Ti surfaces tested in this study ( figure 9 ). The finding that cells remained attached to the Ti surfaces after removing the Ti discs from the OME suggests that the bond between the cells and Ti surface was stronger than between the cells of the OME.
The monolayer cell culture (MCC) model was set up to evaluate the affinity of TR146 and HF to the four different Ti surfaces. However, the MCC model used in this study was different from other MCC studies, which were usually carried out by inoculating cell suspension directly onto the tested surfaces [11] [12] [13] 26, 27] . In this study, the Ti discs were placed only onto the cells after the cells became confluent in the well. Nevertheless, extra attention was needed to ensure that there was no movement of the Ti discs on the confluent well during incubation, as any movement could damage the cells around the Ti disc. The short incubation period minimizes the possibility of Ti disc movement. Thus, after 2 days of incubation, the Alamar Blue assay measured the viability of cells that had migrated from the well to the Ti surfaces.
When comparing the results of the Alamar Blue assay of the three-dimensional OMM with the MCC model of the four types of Ti surfaces, different findings were observed. On the three-dimensional OMM, both the machined and anodized groups had a higher Alamar Blue fluorescent intensity than the polished and sandblasted groups (figure 11). Interestingly, when the experiment was done on the MCC model, the opposite finding was observed, i.e. the machined and anodized groups had a lower Alamar Blue assay than the other two groups ( figure 11 ). However, it should be noted that there was no statistically significant difference among the four types of Ti surfaces tested in the OME model, whereas a significant difference was observed between the polished and anodized groups in the MCC model. It means that the results from a three-dimensional study model can be contrary to those from a two-dimensional model (i.e. MCC model). In addition, the SEM images also indicated that the morphology of the cells of the OME model was different from the MCC model (figure 10).
Although this new in vitro three-dimensional OMM provided more information than the MCC model, it still lacks other cell components in the in vivo model that might be involved in the peripheral immunological defence system. Thus, researchers need to be aware of the limitations of both study models.
Taken together, the results from the permeability, attachment, MCC tests and SEM examination suggest that the four types of Ti surface topographies do not result in obvious differences in their soft tissue attachment. The BS on polished, machined, sandblasted and anodized surfaces appear to be similar, regardless of the difference in surface roughness and topography. This is in agreement with an animal study, which reported that no histomorphometric differences were detected between machined and dual, thermal acid-etched ('Osseotite') abutments [20] . Nevertheless, although the surface roughness may not have a significant influence on soft tissue attachment, it may affect plaque formation. As a general rule, a smooth polished implant surface is a better plaque control surface, which will reduce the risk of developing peri-implantitis that will lead to the destruction of the BS and the underlying tissue.
CONCLUSION
The biological seal of the tissue-engineered oral mucosa around the polished, machined, sandblasted and anodized Ti surfaces were not significantly different. The use of permeability and attachment tests in conjunction with the three-dimensional OMM can be a suitable and relevant method of quantitative evaluation of the biological seal of the soft tissue around implants.
